ABSTRACT C-type natriuretic peptide (CNP) and its receptor natriuretic peptide receptor 2 (NPR2) play a paramount role in the maintenance of oocyte meiotic arrest in antral follicles via the regulation of the intra-oocyte levels of cyclic guanosine monophosphate and cyclic adenosine monophosphate. We investigated the potential of CNP 1) to maintain oocyte meiotic arrest during a prolonged prematuration culture and 2) to sustain acquisition of developmental competence of immature cumulus-oocyte complexes (COCs). Compact COCs were collected from small antral follicles of prepubertal unprimed mice and placed in prematuration culture under different CNPsupplemented media conditions. A preliminary analysis showed a dose-dependent effect of CNP on the maintenance of meiotic arrest. A dose of 25 nM maintained oocytes under meiotic arrest for 24 h, and this period was extended to 48 h in the presence of estradiol. Analysis of transzonal projections of COCs cultured with CNP indicated that oocyte-cumulus connections were well preserved after the prolonged prematuration culture. Furthermore, CNP medium supplemented with FSH and GDF9 promoted oocyte growth and induced a shift in oocyte chromatin configuration from a predominantly dispersed to a condensed configuration. Following in vitro maturation, oocytes cultured under CNP were capable of extruding the first polar body at a high rate (around 80%). Blastocyst formation was significantly improved when oocytes were cultured under CNPsupplemented medium containing FSH and GDF9. This study reports for the first time a prolonged prematuration culture system, with CNP as the pivotal factor, that can efficiently maintain oocytes retrieved from unprimed prepubertal mice under meiotic arrest while promoting their acquisition of developmental competence.
INTRODUCTION
The atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and C-type natriuretic peptide (CNP, also known as NPPC) are the most studied members of the fivemember family of natriuretic peptides. Different than ANP and BNP, CNP has limited natriuretic activity, mainly dependent on the specificity of each of these peptides for their receptors: natriuretic peptide receptor A (NPRA or NPR1) for ANP and BNP, and natriuretic peptide receptor 2 (NPR2, also known as NPRB or guanylyl cyclase B) for CNP [1] .
It has been reported that both CNP and NPR2 are present in the ovarian follicles from early stages of development [2] [3] [4] and that CNP becomes a major factor stimulating the transition from preantral to antral follicles [5] . CNP plays also a paramount role in the maintenance of oocyte meiotic arrest in antral follicles [6, 7] via the regulation of the intra-oocyte levels of cyclic guanosine monophosphate (cGMP) and cyclic adenosine monophosphate (cAMP).
It is well accepted that the maintenance of meiotic arrest in fully grown oocytes is dependent on the maintenance of high levels of cAMP [8] [9] [10] [11] [12] . Two sources for intra-oocyte cAMP content have been proposed: 1) endogenous cAMP production by the oocyte, via the G-protein coupled receptors 3 and 12 (GPR3 and 12) [13] [14] [15] , and 2) follicle stimulating hormone (FSH)-induced cAMP production and inflow from surrounding cumulus cells [16, 17] . Importantly, cAMP levels are also regulated by the presence of cGMP, a competitive substrate for the hydrolyzing activity of the oocyte-specific phosphodiesterase type 3A (PDE3A) [18] .
Within the ovarian follicle, CNP is produced and secreted by mural granulosa cells and mainly targets the NPR2 receptor, which is expressed in both mural and cumulus cells, but predominantly in the latter [6] . Activation of NPR2, being a guanylate cyclase receptor [1, 19] , induces cGMP production in cumulus cells that, similarly to cAMP, inflows into the oocyte via gap junctional communication [6, 20] . The control of meiotic arrest is further complemented by the wellcoordinated expression of Npr2 transcript by cumulus cells in response to oocyte-secreted factors (i.e., GDF9 and BMP15) and estradiol [21] . More recently, it has also been proposed that FSH stimulates CNP production by preantral follicles and that CNP mirrors FSH growth-stimulatory action on small preantral and antral follicles [22] .
The properties described for CNP might be of use for the improvement of systems to culture mammalian oocytes originating from smaller follicles than hitherto possible. Current protocols for in vitro maturation (IVM) of human oocytes using small antral follicles (6-12 mm) following mild ovarian stimulation are still inefficient in producing a sufficient amount of good quality embryos [23, 24] . Oocytes from 6-12 mm human follicles (and those from even smaller follicles of 2-5 mm) may need an in vitro culture step prior to the induction of meiotic maturation stimulus in order to fully acquire developmental competence. Recent observations from human IVM programs suggested that a substantial proportion of oocytes do not yet have all the capacity for normal embryogenesis [25] . Therefore, research on IVM in animal models has focused on a prematuration culture phase (Pre-IVM), meant to improve the oocyte's nuclear and developmental competence [23, 24] . However, most of the studies performed in mouse have been using as starting material oocytes from the largest follicle cohort induced with exogenous equine chorionic gonadotropin (eCG) injection. As a result, these mouse models start off with oocytes at an already advanced stage of development. This may be compromising the in vitro model, which aims to identify essential growth factors that could promote oocyte developmental competence.
The current study used immature oocyte cumulus complexes from unprimed juvenile mice to evaluate the potential use of CNP to support a prolonged Pre-IVM culture phase. The specific aim of the model was to allow immature oocytes from unprimed small antral follicles to acquire full meiotic and developmental competences.
MATERIALS AND METHODS

Animal Model
Animals used for the current study were CBAB6F1 (F1 hybrids of C57Bl/6j x CBA/ca). These animals were housed and bred following the national legislation and with the consent of the ethical committee of the Vrije Universiteit Brussel (Project numbers: 09-216-1 and 14-216-1).
Collection of Cumulus-Oocyte Complexes from Small Antral Follicles from Unprimed Mice and Pre-Ovulatory Cumulus-Oocyte Complexes from Large Antral Follicles
Compact cumulus-oocyte complexes (COCs) of the first wave of follicular development were collected from small antral follicles of prepubertal mice (19-21 days old) without prior gonadotropin administration. In 22-day-old mice, approximately 75% of the follicles measure between 200 and 400 lm [26] . For the collection of pre-ovulatory COCs (controls), compact COCs were collected by puncturing large antral follicles of prepubertal female mice (25-27 days old) following 48 h of priming with 2.5 IU eCG (Folligon; Intervet). Collection medium consisted of Leibovitz L-15 containing 10% heat-inactivated fetal bovine serum, 100 IU/ml penicillin, 100 lg/ml streptomycin (all from Life Technologies), and supplemented with 200 lM 3-isobutyl-1-methylxanthine (Sigma) to prevent meiosis reinitiation during the period of collection and preculture handling.
Culture of COCs
Basal culture medium for the culture of COCs (Pre-IVM and IVM phases) consisted of a-MEM, 2.5% fetal bovine serum (both from Life Technologies), 5 ng/ml insulin, 5 lg/ml apo-transferrin, and 5 ng/ml sodium selenite (all from Sigma). For Pre-IVM experiments, CNP-22 (referred from now on as CNP) was obtained from Phoenix Europe, 17-b-estradiol (E2) from Sigma, and growth and differentiation factor 9 (GDF9) from R&D Systems Europe. For experiments involving IVM, recombinant epidermal growth factor (r-EGF) (Roche) and recombinant mouse epiregulin (EREG) (R&D Systems Europe) were used as ovulatory stimuli, and the cultures lasted 18 h. Where mentioned, recombinant FSH (Merck-Serono) was added to Pre-IVM and IVM media.
Assessment of Meiotic Reinitiation
At specified time points, oocytes were mechanically freed from compact or expanded cumulus cells by using a mouth-controlled fine bore glass pipette. Meiotic reinitiation was analyzed by assessing the nuclear maturational stage under an inverted microscope equipped with a Hoffman modulation contrast system (Nikon). Nuclear maturation was scored as GV (germinal vesicle stage), GVBD (when GV is not visible), PB (first polar body observed in the perivitelline space), or DEG (when the oocyte was degenerated).
Evaluation of Oocyte's Chromatin Configuration
Oocyte's chromatin configuration was evaluated in GV oocytes before and after Pre-IVM culture. Briefly, after assessment of meiotic reinitiation, GV oocytes were stained with 10 lg/ml Hoechst 33258 (Sigma) for 5 min. Nucleolar chromatin configuration was analyzed under a fluorescence microscope (IX70; Olympus). Chromatin configuration was classified as nonsurrounded nucleolus (NSN), surrounded nucleolus (SN), or transitional (NSN/SN) stage, according to the pattern of chromatin aggregation around the nucleolus [27] [28] . The diameters of some of these oocytes were recorded prior to staining with Hoechst. Oocyte diameter was measured under an inverted microscope by using a calibrated ocular micrometer and excluding the zona pellucida.
Transzonal Projections Assessment
The integrity of transzonal projections (TZPs) was assessed by fluorescent labeling of F-actin with actin green (Molecular Probes). Briefly, COCs following 48 h Pre-IVM were fixed in stabilization buffer composed of 20 mM PIPES, 0.5 mM EGTA, 1 mM MgCl 2 6H 2 O, 0.01% phenylmethanesulfonyl fluoride, 1 mM DL-dithiothreitol, 50% deuterium oxide, and 1 lM Taxol, 0.1% Triton X-100 and 2% formaldehyde [29] for 30 min at 378C, permeabilized in phosphate-buffered saline (PBS) supplemented with 0.4% Triton X-100 (all reagents from Sigma), and stained with actin green according to the manufacturer's instructions.
Positively stained TZPs were observed as continuous filaments going through the zona pellucida and connecting the oocyte with the cumulus cells. TZPs' fluorescence signals were detected by confocal microscope (IX70; Olympus). The 8-bit grayscale images of each COC were processed with FIJI software (available for download at http://pacific.mpi-cbg.de/wiki/index.php/ Fiji) and TZPs' integrity was quantified by measuring average pixel intensity per area (mean) in the region between the oocyte and cumulus cells (region of interest in ImageJ software).
Experimental Design
The outline of the experimental setup is shown in Figure 1 . Pre-ovulatory COCs, retrieved from mice aged 26-27 days old after 48 h eCG priming were placed in IVM culture for 18 h in the presence of 0 (control), 1, 10, or 100 nM CNP and in combination with 4 ng/ml EGF. After culture, the oocyte meiotic stage was evaluated at 18h. In total, 33-42 oocytes (from three replicates) were assessed per condition. Furthermore, the early meiotic reinitiation (at 2, 4, and 6 h) and late meiosis completion (24 h) were also assessed. In this case, 41-46 oocytes (from three replicates) were assessed per condition. Similar to experiment 1, a replicate study with immature COCs of unprimed mice aged 20-21 days old was performed. COCs were retrieved from small antral follicles and placed in Pre-IVM culture for 48 h under CNP with or without FSH and known enhancers of CNP/NPR2 signaling, such as E2 and GDF9: 25 nM CNP (6 10 nM E2), 25 nM CNP þ 10 nM E2 þ FSH (2.5 or 5 mIU/ml), or 25 nM CNP þ 10 nM E2 þ FSH (2.5 or 5 mIU/ml) þ 50 ng/ml GDF9. Following Pre-IVM, oocytes were assessed for their meiotic stage. In total, 38-53 COCs (from three replicates) were assessed per condition. Immature COCs were retrieved from small antral follicles of unprimed female mice (aged 19-20 days old), and placed in culture for 48 h (Pre-IVM condition) in the presence of the basal control condition: 25 nM CNP þ 10 nM E2 (according to the previous experiment) and the addition of 2.5 mIU/ml FSH or 2.5 mIU/ml FSH þ 50 ng/ml GDF9. These pretreatments were followed by 18 h of ovulatory stimulus with medium containing EGF (IVM condition). Outcome parameters were oocyte chromatin configuration, for which 46-58 oocytes were evaluated per condition, oocyte diameter following 48 h pre-IVM, for which 31-57 oocytes per condition were measured, and oocyte maturation status 18 h post-IVM, for which 32-41 oocytes were evaluated per condition. In each case, oocytes came from three different replicates.
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Experiment 4: Developmental Capacity of Oocytes Recovered from Unprimed Ovaries Following Prolonged Pre-IVM and IVM (Fig. 1 
, Exp. 4)
In order to assess developmental competence of oocytes undergoing a Pre-IVM in the presence of CNP-supplemented medium (different conditions, Fig.  1 ) followed by IVM culture, in vitro fertilization (IVF) followed by embryo culture to the blastocyst stage was performed. For this experiment, 100 ng/ml EREG was used as the trigger for meiotic resumption.
Medium for IVF consisted of M16 medium, 3% bovine serum albumin fraction V (both from Sigma), and nonessential amino acids (Life Technologies). Embryo culture medium consisted of M16 medium and essential and nonessential amino acids (Life Technologies).
COCs were collected after oocyte maturation and washed once in IVF medium. IVF was performed in IVF medium using capacitated sperm (final dilution of 2 3 10 6 sperm/ml) obtained from a CBAB6F1 male. After 3.5 h of co-incubation at 378C, 5% CO 2 , 5% O 2 , and 100% humidity, presumptive zygotes were denuded, washed twice, and cultured in groups of 10-15 zygotes in 20 ll of embryo culture medium overlaid with oil for embryo culture (Irvine CNP PROMOTES OOCYTE DEVELOPMENTAL COMPETENCE Scientific, Alere) at 378C in 5% CO 2 , 5% O 2 , and 100% humidity. Cleavage (2-cell) rate was scored 24 h after IVF. On Day 5, blastocyst development and hatching were recorded. In total, 64-76 COCs (from four independent replicates) were assessed per condition.
Additionally, two conditions were evaluated for oocyte developmental capacity: 1) an IVM control, in which COCs from small antral follicles of unprimed mice aged 20 days old were directly in vitro matured for 18 h with 100 ng/ml EREG, and 2) an in vivo control, where in vivo grown and matured oocytes were obtained from female aged 25-27 days old primed for 48 h with 2.5 IU eCG (Folligon) followed by 14 h with 2.5 IU hCG (Chorulon) (both from Intervet). These oocytes were inseminated with the same sperm sample and oocytes/embryos cultured under the exact same conditions as the IVM oocytes. At least 56 oocytes were included in this trial. Because the currently presented Pre-IVM protocol positively affects oocyte's developmental capacity, it was decided to compare the outcome of performing Pre-IVM in the presence of CNP to the outcome of an experimental protocol relying on the use of a PDE3 inhibitor (PDE3-I) in pre-IVM to maintain the oocyte's meiotic arrest. Additionally, the connectivity between oocytes and cumulus cells under both treatments was also assessed.
In order to be able to categorically distinguish the effects of any of the treatments and to avoid any potential interference, FSH and GDF9 were omitted from Pre-IVM culture. Briefly, compact COCs were collected from small antral follicles of the first wave of follicular development of prepubertal mice (19-21 days old) without prior gonadotropin administration. COCs were placed in Pre-IVM culture for 48 h in presence of either CNP or PDE3-I, that is, cilostamide (Enzo Life Sciences). Following 48 h culture, COCs were either 1) in vitro matured and fertilized, followed by embryo culture as described earlier or 2) fixed and processed for TZPs assessment as specified earlier. At least 132 oocytes per condition (from four replicates) were assessed for oocyte competence, whereas 20 oocytes (in each condition) were evaluated in the preliminary experiments for TZPs (from two replicates).
Statistical Analysis
Unless mentioned otherwise, the results are shown as the average of at least three replicates in each experiment and represented as mean 6 SD. Differences in the rate of oocyte meiotic resumption (per meiotic stage), chromatin configuration, and embryo development following IVF among the different in vitro conditions were assessed by Kruskal-Wallis followed by a Dunn multiple comparison test, P , 0.05. Differences in oocyte diameter were determined by one-way ANOVA. Differences in the rates of fertilization and blastocyst formation, when comparing CNP to a PDE3-I, were assessed by chi-square, P , 0.05.
Unpaired t-test was used to compare the rates of meiotic resumption when comparing two conditions. Differences in the average pixel intensity were detected by performing Mann Whitney test, P , 0.05. Percentages data were transformed (arcsine) before performing statistical analysis. Statistical analyses were performed using GraphPad Prism version 6.00 for Mac, GraphPad Software (www.graphpad.com).
RESULTS
CNP Efficiently Maintains Meiotic Arrest and Delays EGFRDependent Meiotic Resumption
CNP had a dose-dependent effect on the maintenance of meiotic arrest. At a dose of 100 and 10 nM, the GV rate at the end of 18 h culture was higher (P , 0.05) than at 1 nM and control (96%, 93%, 48%, and 0%, respectively) ( Fig. 2A) . 
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In the presence of EGF, a dose-dependent effect of CNP on the PB rate was observed. At a dose of 10 and 100 nM CNP, many oocytes remained at the GVBD stage, and therefore the PB rate remained lower (35% and 15%, respectively, P , 0.05) in comparison to the control and 1 nM CNP (98% and 92%, respectively) (Fig. 2B) . Due to the higher rate of GVBD oocytes observed with 10 and 100 nM CNP treatments, a follow-up experiment was performed to explore the possibility that the meiotic progress was slowed down rather than being arrested.
Pre-ovulatory COCs, retrieved from gonadotropin-primed mice, were placed in culture in the absence (controls) or presence of 25 nM CNP þ 4 ng/ml EGF, and meiotic maturation was assessed at 2, 4, 6, and 24 h. While meiotic resumption increased from 2 to 6 h in the control group, few GVBDs were induced in the CNP þ EGF-treated group (11%), within the same period of time (Fig. 3A) . Finally, COCs placed in CNP þ EGF medium for 24 h had a high occurrence of PB oocytes (93%), a figure higher (P , 0.05) than in COCs cultured for the same period of time with CNP only (Fig. 3B) .
Prolonged CNP-Induced Meiotic Arrest of Immature Oocytes Relies on the Presence of E2 in the Culture Environment
Previous results demonstrated that CNP was able to maintain meiotic arrest for 24 h but not for 48 h (data not shown). For this reason, a study was set up where responsiveness to CNP would be supported by medium supplementation with FSH, E2, and GDF9. The latter two factors are known enhancers of the CNP-NPR2 system [6, 21] .
COCs were retrieved from small antral follicles of unprimed female mice aged 19-20 days old and placed in culture for 48 h in presence of 25 nM CNP and the presence or absence of 10 nM E2. In addition, the effects of the further addition of 2.5 or 5 mIU/ml FSH and/or 50 ng/ml GDF9 were evaluated (Fig. 4) .
Oocytes of COCs cultured in presence of 25 nM CNP (alone) inefficiently maintained meiotic arrest; consequently, after 48 h of culture, the GV rate accounted for only 26% of the total number of COCs. In contrast, most of the oocytes of COCs cultured in presence of 25 nM CNP plus 10 nM E2 were efficiently maintained in the GV stage ( 89%), regardless of the addition of FSH or GDF9.
Chromatin Condensation State, Oocyte Diameter, and COC Responsiveness to EGFR Ovulatory Signaling in Oocytes from Unprimed Mice Following Pre-IVM in the Presence of CNP-Supplemented Medium
COCs were retrieved from small antral follicles of unprimed female mice aged 19-20 days old and placed in culture under the different conditions (Fig. 5a) . Analysis of oocyte's chromatin condensation before and after Pre-IVM treatment revealed that during 48 h culture the oocyte's chromatin shifted from a predominantly NSN disperse configuration to a SN
FIG. 3. CNP delays EGFR-dependent reinitiation of meiosis. A) Pre-ovulatory COCs obtained 48 h after eCG injection from mice aged 24-25 days old
were placed in culture in presence of 0 (control) or 25 nM CNP þ 4 ng/ml EGF, and early meiotic resumption was evaluated at 2, 4, and 6 h after collection. B) Pre-ovulatory COCs were placed in culture in presence of 25 nM CNP or 25 nM CNP þ 4 ng/ml EGF, and meiotic maturation (meiotic completion up to PB extrusion) was evaluated 24 h later. Each bar represents mean 6 SD of data obtained from three replicates (at least 41 oocytes/ treatment). Different letters or an asterisk (*) indicate significant differences (P , 0.05).
CNP PROMOTES OOCYTE DEVELOPMENTAL COMPETENCE condensed configuration. In fact, before Pre-IVM, 34% of the oocytes had the transitional NSN/SN configuration (66% NSN), while after Pre-IVM, 68% of the oocytes, in each of the conditions, displayed a SN pattern (Fig. 5A) . A larger absolute amount of SN pattern (86%) was observed in oocytes cultured in the presence of 2.5 mIU/ml FSH þ 50 ng/ml GDF9, although it was not significantly different.
Importantly, oocytes obtained after Pre-IVM culture in FSH-containing medium (with/without GDF9) reached a larger mean diameter (P , 0.05) than oocytes cultured in medium without FSH (control, CNP þ E2). Immediately after isolation from the follicle (before Pre-IVM), oocytes displayed a diameter of 72 6 2 lm and following 48 h of culture, oocyte diameters were as follows: 72 6 2 lm; 74 6 2 lm, and 73 6 1 lm for CNP þ E2, CNP þ E2 þ FSH, and CNP þ E2 þ FSH þ GDF9, respectively (Fig. 5B) .
After Pre-IVM, part of the COCs were stimulated for meiotic resumption with EGF, and their PB rate was evaluated after 18 h. Due to a delay in meiotic reinitiation by the presence of CNP in the IVM medium (see earlier experiment: CNP efficiently maintains meiotic arrest and delays EGFR-dependent meiotic resumption); for practical reasons, in the current experiment, CNP was omitted from the IVM medium. Oocytes from three culture conditions showed a high rate of meiotic resumption: the PB rate was 79%, 78%, and 82% PB rate for CNP þ E2, CNP þ E2 þ FSH, and CNP þ E2 þ FSH þ GDF9, respectively.
Pre-IVM in the Presence of CNP, FSH, and GDF9 Improves Oocyte Competence and Embryo Yield
Experiments were set up to evaluate developmental competence of oocytes undergoing Pre-IVM, followed by an IVM culture period. Following IVM, the oocytes were in vitro fertilized, and embryos were cultured up to Day 5. For this experiment, EREG was used as the meiotic trigger during the IVM phase, and CNP and GDF9 were only added to Pre-IVM medium and omitted from the IVM medium. Following the pre-IVM and IVM culture periods, cumulus cells from all treatments demonstrated profuse expansion and mucification in response to EREG. Two-cell (fertilization) rate was not different between the different treatments: 60%, 54%, and 56% for CNP þ E2 (control), CNP þ E2 þ FSH, and CNP þ E2 þ FSH þ GDF9 ,   FIG. 4 . Effects of E2 and dose of FSH and GDF9 on a background CNP-supplemented medium on oocyte meiotic resumption. Immature COCs isolated from small antral follicles from unprimed (no eCG) mice aged 19-20 days old were placed in culture in presence of 25 nM CNP alone or with 10 nM E2. Potential effects of adding 2.5 or 5 mIU/ml FSH, alone or in combination with 50 ng/ml GDF9, on maintenance of meiotic arrest during 48 h of culture were evaluated. Each bar represents mean 6 SD of experimental data obtained from three replicates (at least 38 oocytes/treatment). Different letters indicate significant differences (P , 0.05).
FIG. 5.
Effects of a 48-h culture period (Pre-IVM) under CNP-supplemented media on chromatin configuration and diameter of GV oocytes. Cumulusoocyte complexes (COCs) isolated from small antral follicles from unprimed (no eCG primed) mice aged 19-20 days old were placed in culture in the presence of 25 nM CNP þ 10 nM E2. Potential supplementary effects of 2.5 mIU/ml FSH or a combination of 2.5 mIU/ml FSH þ 50 ng/ml GDF9 on oocyte's chromatin configuration (A) or oocyte's diameter (B), were evaluated. Chromatin configuration was assessed as described in Materials and Methods and scored as SN, NSN/SN (transitional), and NSN. Additionally, the diameter was also assessed in oocytes immediately after isolation, prior to culture (0 h). In A, each bar represents mean 6 SD of experimental data obtained from three replicates (at least 46 oocytes/treatment). In B, at least 31 GV oocytes/treatment were measured. Different letters indicate significant differences (P , 0.05).
respectively (Fig. 6A) . Nevertheless, in comparison to the CNP þ E2 control condition, the rate of Day 5 blastocysts/2-cell tended to be higher for oocytes cultured in medium containing FSH and it was higher (P , 0.05) in medium containing FSH þ GDF9: 48%, 77%, and 83%, respectively (Fig. 6B) . In addition to these experimental (CNP) conditions, two extra controls-an IVM condition (without Pre-IVM) in oocytes from 20-day-old unprimed mice and an in vivo condition (grown and matured oocytes receiving eCG followed by hCG)-were evaluated to be used as external references (Fig.  6C) . The 2-cell rate of pre-IVM oocytes (regardless of the condition) was superior to direct IVM of 20-day-old oocytes, but not as good as from in vivo grown and ovulated oocytes. However the blastocyst rate of oocytes cultured under CNP in combination with FSH and GDF9 was as high as from in vivo control: 83% and 85%, respectively (Fig. 6C) . Notably, oocytes from 20-day-old mice without Pre-IVM had very poor competence as evidenced by the low blastocyst rate (21.1%).
CNP Used as Meiotic Arrester During Pre-IVM Improves Oocyte Developmental Competence in Comparison to PDE3-I
The outcomes of performing Pre-IVM in the presence of CNP or a PDE3-I were prospectively compared. As stated in Materials and Methods, FSH and GDF9 were omitted from the Pre-IVM culture. The results showed that CNP improved the quality of oocytes as evidenced by a higher embryo rate compared to PDE3-I. Although there were no differences in the fertilization rate (Fig. 7A) , blastocyst formation was higher (P , 0.05) in the CNP group relative to the PDE3-I group (Fig.  7B) . Furthermore, blastocyst rates following culture in the CNP PROMOTES OOCYTE DEVELOPMENTAL COMPETENCE presence of CNP were similar to those obtained from in vivo controls (Fig. 7B) .
Because a better connectivity between cumulus cells and oocytes was observed in the CNP-treated group (Fig. 8A) , which might explain the improvement in oocyte quality, TZPs in both treated groups were quantified. Our preliminary data revealed that CNP-treated COCs showed a higher (P , 0.05) density of TZPs: on average, 1.86 fold the amount of TZPs were observed with CNP-treated group compared to the PDE3-I-treated groups (Fig. 8C ).
DISCUSSION
The current study aimed to design a novel prematuration culture that would endow immature GV oocytes from unprimed mice with full meiotic and developmental competencies prior to the in vitro induction of meiotic maturation (IVM). Past experiments aiming to set a prematuration culture have used pharmacological compounds targeting phosphodiesterases in either (or both) the oocyte and cumulus cells, in order to avoid cAMP degradation [11, [30] [31] [32] , and/or were attempting to increase the cAMP load in cumulus cells and oocytes [16, [33] [34] [35] . However, different to all these previously published studies that were making use of pre-ovulatory COCs obtained after priming with eCG (i.e., 23-to 25-day-old mice), the current study chose COCs retrieved from juvenile unprimed mice, being a more challenging starting point. The rationale of this choice was that this model would be more appropriate to explore substances supposed to promote developmental competence of oocytes obtained from 2-6 mm human follicles retrieved without prior HCG injection [25] .
Considering the role of CNP in keeping meiotic arrest, and because of its suggested substitutive potential for FSH [5, 22] , this peptide was selected for designing a more robust pre-IVM method in a model making use of COCs from developmentally incompetent oocytes from unprimed mice. In the first experiment, we demonstrated the efficiency of CNP in maintaining the meiotic arrest in oocytes from pre-ovulatory COCs. Moreover, the CNP-induced arrest could be overcome by using EGF as meiotic trigger, which is known for enhancing oocyte meiotic and developmental competence [36, 37] . Nevertheless, the presence of the two molecules resulted in a delay in reinitiation of meiosis. EGF ovulatory signaling mediates the closure of gap junctional communication between granulosa cells (within 2 h), limiting the flow of cGMP among them [38] [39] [40] , and as a result, a decrease in cGMP levels in the oocyte [20] . Furthermore, as was shown by others, the ovulatory signal mediated by LH leads to a decrease in CNP production within the ovarian follicles [41] , a mechanism contributing to the reinitiation of meiosis. Therefore, making use of exogenous CNP may continue loading cumulus cells and oocyte with cGMP as long as gap junctional communication remains intact, thus inducing the delay effect on meiotic reinitiation.
The next series of experiments aimed to design and optimize a CNP-supplemented culture system for COCs from small antral follicles from unprimed prepubertal mice, a condition from which oocytes are not fully meiotically and developmentally competent [42, 43] . The main aim was to explore whether providing extended culture time in the presence of CNP would allow oocytes to complete their development, acquiring nuclear and developmental competences. The selected starting material from Prepubertal Day 19-21 mice without eCG had indeed the features of an earlier developmental stage: 66% of oocytes were at the NSN stage, which is compatible with the findings in previous studies [27, 44] . In preliminary experiments (data not shown), oocytes showed a limited meiotic maturation (;60% of such oocytes remained arrested at the GV stage).
So far, CNP applications in vitro have demonstrated its capability to sustain meiotic arrest of fully grown oocytes for culture intervals up to 24 h in mouse [21, 45] and for 6 or 8 h in COCs from midsize antral follicles in goat [46] and bovine [47] , respectively. Data from the current work adds novel information: when using COCs from small antral follicles from juvenile unprimed mice, oocytes can be effectively maintained 48 h under meiotic arrest in the presence of CNP providing that E2 is present in the basal medium. These findings stress the critical role of E2 in enhancing responsiveness of cumulus cells to CNP, by upregulating expression of Npr2 transcript [6, 21] in mice. An original finding of this study is that the 48 h culture time allowed for large-scale chromatin remodeling in oocytes: while at isolation most of the oocytes were at the NSN stage, after 48 h the majority were at the SN stage, a prerequisite to undergo meiotic maturation and indicative of a higher capacity to develop beyond the 2-cell stage [48] [49] [50] . The addition of FSH during the 48 h Pre-IVM stimulated oocyte growth. Although the role of FSH is known to be essential in the salvage of cultured follicles [51] , its effect upon volume during the final growth of the oocyte, (when cultured as a COC) has not yet been precisely documented.
The subsequent experiment evaluated the developmental competence (as defined by embryo production) of oocytes cultured in the presence of CNP. According to the recent   FIG. 8. A) A COC from the CNP-treated group. B) A COC from a PDE3-I-treated group. In both A and B, actin filaments were stained with actin green. Bar ¼ 20 lm. C) Average pixel intensity was used as a tool to quantify positive actin staining (TZP) going through zona pellucida. Image analysis was performed with ImageJ and consisted of calculating average pixel intensity in the region between the oocyte and cumulus cells (region of interest).
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literature, a slight improvement in oocyte/embryo quality has been reported in other species when using CNP as an active substance to temporarily inhibit spontaneous meiotic resumption [46, 47] . Remarkably, in the current study, the rate of blastocyst formation on Day 5 was largely improved when oocytes were cultured under CNP-supplemented Pre-IVM medium containing FSH and GDF9. This level of improvement in blastocyst formation after culturing mouse COCs with CNP has not been reported before even when using a source of COCs from advanced follicular stages (i.e., induced by prior intraperitoneal gonadotropin injections of the animals) [45] . Indeed, the recent study by Wei et al. [45] made use of close to fully grown oocytes retrieved from ovaries of adult animals following gonadotropin stimulation with 10 IU eCG. Although such a mouse model is widely used to optimize IVM protocols, it may not be adequate to reveal novel factors that could improve developmental competence of oocytes from unprimed small antral follicles. The current study expanded on the beneficial effects of FSH and GDF9 being present during Pre-IVM culture, whereas most studies add GDF9 during the IVM step [52] [53] [54] . Although it is known that oocytes produce their own GDF9, it is likely that exogenous CNP benefit from the addition of GDF9, which in combination with other oocytederived factors may induce the production of Npr2 mRNA in cumulus cells [6] . On the other hand, recent work from others, incubating COCs with FSH, have shown accumulation of oocyte proteins associated with increased developmental competence [51] .
To clarify the basis for the improvement at the level of oocyte and embryo yield observed when using CNP during the pre-IVM, the final part of this study evaluated the interconnections between oocyte and cumulus during culture. Previous efforts in developing extended culture systems for COC were stymied by the disconnection between the cumulus-corona and oocyte, a severe limitation in view of using a positive stimulus for meiosis induction [23, 31, 55] . Others had suggested that CNP as well as cilostamide (a PDE3-I) were not only capable of maintaining meiotic arrest but also of keeping intact the gap junctional communication in bovine COCs for at least 8 h, but failed in keeping the junctional communication functional for more than 14 h [47] . In the current work, preliminary data of direct comparison on sibling oocytes indicated that CNP is able to preserve communication between oocytes and cumulus cells much more efficiently than PDE3-I. Improved maintenance of oocyte-cumulus connections induced a clear gain in embryo production when using CNP.
In conclusion, Pre-IVM culture emerges as a novel robust extension of IVM to improve the efficiency of culturing of oocytes from completely unprimed mice. CNP functions as an indispensable factor, and E2, GDF-9, and FSH are essential supplements to convert immature COCs from juvenile unprimed mice into embryos. Production of live offspring needs to be evaluated in animal models prior to its application to human IVM. Furthermore, the contribution of individual factors, that is, E2 on top of CNP for culturing of human COCs, remains to be established. In the context of human assisted reproductive technology, this culture model opens new possibilities for oocytes retrieved from small follicles from unstimulated patients.
